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Chasmoptera is a genus of charismatic spoon-wing lacewings (Neuroptera: 
Nemopteridae: Nemopterinae) endemic to Western Australia. There are 
currently only three described species in this genus: C. hutti (Westwood 
1848), C. superba (Tillyard 1925) and C. mathewsi (Koch 1967). Little is 
known of the evolution or biology of these insects, though some inferences 
about the genus can be made from commonalities to other members of the 
Nemopteridae and Nemopterinae from other continents. A defining feature of 
Chasmoptera is their elaborate extended hindwings, with apical dilations 
arranged in a “ribbon” or “spoon” shape.  Species delimitation methods for 
this genus have relied predominantly on hindwing morphology (with some 
forewing and genital morphology) to determine species.  In recent years 
there have been collections of Chasmoptera individuals from several different 
populations, many differing slightly in appearance from the three known 
species. The aims of this research were to assess the species status of 
approximately five putative new Chasmoptera species, provisionally identified 
by their hindwing morphology, and examine hindwing variation across the 
genus using morphometric analyses. Mitochondrial DNA sequence data was 
used to further delimit species and the phylogenetic relationships among the 
species of Chasmoptera were established. Delimitation analyses identified 
two likely new species: Chasmoptera “AE” and Chasmoptera “PG”. The 
unique hindwing morphology of another, isolated population (C. “Lake 
Grace”) revealed another likely new species, for which DNA data could not 
be obtained. Morphometric analysis showed that males have greater shape 
variation in their hindwings than females, consistent with the male hindwings 
being under sexual selection. K-means clustering presented some shape 
trends, although the patterns of species delimitation that were defined for the 
known and putative new species (whom had previously been identified by 
hindwing shape) were not maintained. Unexpectedly, the molecular 
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delimitation of species did not directly support the morphological delimitation 
of species, or vice versa. The results of this study present the first molecular 
phylogeny of Chasmoptera and tentatively double the number of known 
species, creating a basis for further study of Nemopterinae in Western 
Australia and beyond.   
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1.1 Nemopteridae: the lacewings  
Nemopteridae are an ancient family of lacewing insects (order Neuroptera) 
with uniquely extended hindwings (Sole et al. 2013). They are distributed 
globally among all zoogeographical areas except the Nearctic region and are 
typically found in drier biomes, with most species confined to southern Africa 
(72 species, 57 endemic) (Lu et al. 2019; Claisse et al. 2019).  Phylogenetic 
analysis of this family places their crown age at 145.6 million years ago 
during the late Jurassic period, with most diversification of genera occurring 
during the middle Eocene to middle Miocene (Sole et al. 2013). The present 
distribution of the Nemopteridae was likely established during the existence 
of the Gondwanan land mass and was influenced by subsequent plate 
tectonics, resulting in relict populations in some parts of the world and 
evolutionary radiations in others, such as South Africa (Sole et al. 2013; 
Engel et al. 2018). This is supported by the fact that nemopterids are typically 
poor fliers and cannot travel extended distances, and so would likely only 
successfully disperse over land (Sole et al. 2013; Lu et al. 2019). This may in 
part be due to their extended hindwings, which have been observed as 
dragging or trailing behind them in flight (Houston 2000, LCM pers. obs. 
2019), though other studies have determined some species may employ their 
hindwings to stabilise flight (Picker et al. 1991). Currently there are 142 
recognised extant species of Nemopteridae split into two subfamilies with 
very different habitats and morphology; Crocinae (“thread-wings”, 43 species) 
and Nemopterinae (“spoon” or “ribbon”-wings, 99 species) (Sole et al. 2013; 
Lu et al. 2019).  
 
1.2 Crocinae and Nemopterinae 
Nemopteridae are characterized by specialized extended hindwings as well 
as biology and behaviour (Sole et al. 2013; Lu et al. 2019). For example, 
though the larvae of both are predacious, Nemopteridae adults have 
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specially modified mouthparts and are exclusively pollen and nectar feeders, 
whereas all other neuropterans maintain biting/chewing mouthparts for a 
mostly predatory diet (Krenn et al. 2008). Of the two Nemopteridae 
subfamilies, Crocinae adults are distinguished by their smaller body size and 
thin, thread-like hindwings, whilst Nemopterinae are often almost 50% larger 
than Crocinae and have “spoon” or “ribbon” shaped hindwings with subapical 
expansions (see Figure 1) (Tjeder 1967; Sole et al. 2013; Chirango 2014). 
The elongated, filamentous hindwings provide Crocinae with sensory and 
stabilisation functions for flight within the confined spaces of their 
cavernicolous habitats, as well as assist in mate location and mating 
behaviour (Mansell 1996; Sole et al. 2013). For the Nemopterinae, the 
“spoon” or “ribbon”-shaped hindwings have been hypothesised as providing 
either stability in flight, or camouflage and semiotic functioning at rest (Sole et 
al. 2013). The true function of the elaborate wings in the Nemopterinae 
remains largely untested, however in a study of the South African 
nemopterine Palmipenna aeoleoptera Picker, 1987 predatory robber flies 
were deterred by the large-lobed hindwings, which act by increasing the 
insect’s apparent body size (Picker et al. 1991). This study determined that 
removal of hindwings increased the attack rate of robber flies, and when 
attack rate was compared between the broad-lobed P. aeoleoptera and slim-
lobed Palmipenna. cf. pilicornis Tjeder, 1967 the latter was attacked 
significantly more (Picker et al. 1991). The authors make note that increasing 
apparent body size is most likely a secondary benefit of the hindwing shape 
as, when removed, flight is destabilised (Picker et al. 1991).  
 
The subfamily Crocinae have been comprehensively studied with several 
studies on their biology and behaviour, whilst Nemopterinae have been 
comparatively under-studied (Tjeder 1967; Mansell 1973,1977; Monserrat 
1996). Currently there is no published phylogeny of the whole Nemopterinae 
(Claisse et al. 2019). In comparison by 1986 a basic phylogeny of most 
Crocinae had been produced, including 45% of all known Crocinae larvae 
(Mansell 1986). Habitat descriptions, life history, and the behaviour and 
morphology of both adults and larvae are all well described for many 
Crocinae species (Tjeder 1967; Mansell 1973,1977, 1986; Monserrat 1996). 
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The first part of a comprehensive study on the Nemopterinae was published 
by Sole et al. in 2013, focusing on South African species, but thus far there 
have been no subsequent papers published. Beyond Tjeder’s (1967) 
monograph on Nemopteridae, which is focused on South-African species, the 
global record of Nemopterinae taxonomy, biology, phylogeny and 
conservation status is incomplete (Sole et al. 2013).  
 
Figure 1: Example of Crocinae (A and B) and Nemopterinae species (C and D), with the 
“spoon-wing” (subapical wing dilation) clearly visible in C. (A) Austrocroce mira 
photographed by Steve Dew (Dew 2016) (B) Croce filipennis photographed by Subhajit Roy 
(Ueda 2021a) (C) Palmipenna aeoleoptera photographed by RJ Basson (Ueda 2021b) (D) 
Chasmoptera hutti (female) photographed by Fred and Jean Hort (2019).  
 
The subfamily Nemopterinae, although understudied in a global context, has 
been well studied in South Africa. Information ranging from distributional data 
to life history to general descriptions is recorded for both adults and larvae, 
and can be used to extrapolate on other, lesser studied Nemopterinae 
genera. The South African nemopterines are generally diurnal, often seen 
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flying low among vegetation and, as is typical of the Nemopterinae, equipped 
with elongated mouthparts with a tearing function to aid in their 
pollenophagous lifestyle (Tjeder 1967; Chirango 2014). Sexual dimorphism is 
frequent in this subfamily, with females often having shorter hindwings and 
antennae (Tjeder 1967). Sexual dimorphism can also be seen in hindwing 
dilation width, with females typically having broader “spoons” or “ribbons” 
(see Figure 1C). However other, non-African females can have narrower 
dilations than males, such as in the Australian species Chasmoptera hutti 
(Westwood, 1848) (Tjeder 1967). Hindwing colouration and patterning also 
usually differs between the sexes of Nemopterinae (Tjeder 1967). The first 
studies of larvae also occurred in South Africa, in which larval Nemopterinae 
were found to be similar to the better-known antlions; predatory with an 
edaphic lifestyle in semi-arid to arid sandy soils and undergoing several 
instars before pupating and emerging aboveground (Tjeder 1967; Mansell 
1973). Nearly all studies of both larvae and adults of Nemopterinae are of 
South African genera (Tjeder 1967; Mansell, 1973, 1977; Sole et al. 2013; 
Chirango 2014).  Although some studies have included other Nemopterinae, 
these often include Crocinae in a whole-family study, or have not been 
updated within the last 25 years (Monserrat and Martinez 1995; Mansell 
1996). It is evident that expanded, global research on the Nemopterinae is 
required.  
 
1.3 Chasmoptera: the Australian spoon-wings 
 
1.3.1 Historical records 
Chasmoptera is the sole genus of Nemopterinae in Australia, found only in 
Western Australia. Chasmoptera hutti was the first species to be described, 
from a specimen found in a swamp between Guildford and Perth, Western 
Australia in 1847 (Westwood 1848). Two other species of Chasmoptera are 
also endemic to Western Australia: C. superba Tillyard, 1925, with a single 
specimen collected in Cunderdin in 1914 and C. mathewsi Koch, 1967, 
collected in Shark Bay and donated to the Western Australian Museum 
(WAM) in 1935. Since their descriptions, there have been regular sightings 
and collections of C. hutti, with no sightings of the other species until the 
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recent re-discovery of C. superba in 2014. Chasmoptera mathewsi has not 
been recollected since its discovery, though a single female Chasmoptera 
specimen collected in 1969 is hypothesised as being C. mathewsi (T. F. 
Houston, unpublished 2016). Very little is known about the life history, 
distribution, and phylogenetic relationships of Chasmoptera. Aside from their 
descriptions, there has been no published study focusing on Chasmoptera, 
with only a few internal WAM documents and sections in local entomological 
newsletters (Koch 1967; T.F. Houston, unpublished 2000, 2014, 2016). 
However, in a molecular phylogeny of the Nemopterinae, Chasmoptera was 
included and shown to be most closely related to a group of African genera 
including Nemeura, Sicyoptera and Semirhynchia (Sole et al. 2013). The 
molecular phylogeny is the first and most comprehensive phylogenetic 
analysis on the Nemopterinae (Sole et al. 2013).   
1.3.2 Distribution and Habitat 
Chasmoptera are endemic to Western Australia, with most specimens found 
in areas close to the coastline between Shark Bay to the north and Harvey to 
the south, and as far east as Bullfinch (Figure 2) (Atlas of Living Australia 
(ALA) 2020). Chasmoptera superba is the only described species found far 
east of Perth, with C. hutti, C. mathewsi and some remaining unidentified 
populations found either in the Perth region or to the north on the coastline 
(WAM Entomology Collection, database accessed 20/10/2020). The species 
found furthest north is C. mathewsi, known only from the Shark Bay holotype 
(Figure 2). While C. hutti is relatively widespread, C. superba and C. 
mathewsi are each known from just one or two locations (Figure 2). 
Chasmoptera hutti is described as being confined to areas with white, silicon-
rich sand in flats near swamps or lakes, with vegetation including Banksia 
shrubs and associated flora, such as Stirlingia latifolia (R. Br.) Steud 1841 
and Leschenaultia floribunda Benth. 1837 (Koch 1967; Hort and Hort, pers. 
comm. 21/11/2020). ALA records were used to cross-reference distribution 
and collection data for the genus, although it should be noted that while most 
populations were identified as C. hutti or simply to genus, several of these 
have subsequently been identified as putative new species based primarily 
on hindwing morphology, some by Louis E. Koch and others by Terry 




Figure 2: Distribution map of Chasmoptera records in Western Australia prior to the current 
study (land = right, where points are located) (ALA 2020). Blue points represent C. mathewsi 
(n = 1), pink points represent C. hutti (n = 113 (102 WAM)), orange points represent C. 
superba (n = 32 (30 WAM)) and black points (as well as dark inner points of other colours) 
represent Chasmoptera specimens identified to genus only (n = 243 (216 WAM)).  
 
1.3.3 Description 
Chasmoptera are moderately sized neuropterans, with body lengths typically 
between 14-18mm, cylindrical and darker (brown-black) dorsally with cream-
yellow colouring ventrally (Koch 1967). They have long, dark, segmented 
antennae and large grey or pale brown eyes (Tjeder 1967; Koch 1967). As 
there are relatively few specimens of each species, the size variation within 
species is unknown. Chasmoptera have lacey, transparent forewings and 
elongated, darker, ribbon or spoon-shaped hindwings, hence their common 
name, “spoon-wing lacewings”. The hindwings consist of a slender shaft 
ending in double-lobed subapical expansions with differing dark and light 
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patterns depending on species and sex (Figure 5). In C. hutti males have 
much broader hindwing lobes compared to females, whilst in C. superba both 
sexes exhibit narrow dilations. Chasmoptera mathewsi is known only from 
the male holotype, which exhibits narrow hindwing dilations. The subapical 
dilations are twisted around the central wing axis (shaft) with the degree of 
twist differing between individuals and species (Tillyard 1925). The 
morphology of the hindwings in some species appear to show sexual 
dimorphism, much like their South-African relatives. 
 
1.3.4 Life history 
The larvae of Chasmoptera have been hypothesised to lead an edaphic 
lifestyle in sandy soils (Houston 2000). Like all Nemopterinae, the larvae are 
presumed to be predatory, with specialised mouthparts designed to grasp 
and puncture their prey (Monserrat and Martinez 1995; Monserrat 1996), 
though feeding behaviour has not been observed. One Chasmoptera larva 
was successfully hatched from an egg (white, approximately 1.4mm length 
and 0.75mm diameter) in captivity and immediately burrowed head-first into 
sand (Houston 2000). This is the only activity of Chasmoptera larvae 
recorded. Images and the preserved specimen of this larva show modified 
forelegs adapted to burrowing forwards, as opposed to their antlion relatives 
that are specialised for burrowing backwards as they pull their prey 
backwards into the sand (Houston 2000). If Chasmoptera are like other 
Nemopterinae, the larvae may be myrmecophilic whereby granivorous ants 
collect their eggs, assuming them to be plant seeds, and bring them into their 
nests (Monserrat and Martinez 1995). In such species, such as Nemoptera 
bipennis Illiger, 1812 and Lertha sofiae Monserrat, 1988 in Spain, the larvae 
feed on ant larvae until emerging as adults (Monserrat and Martinez 1995). 
An underground lifestyle could explain the modified forelegs for forward 
burrowing in a subterranean environment, as well as the adult habitat 
preference for sandy soils conducive to ant activity. 
Like their South African counterparts, who emerge as adults at specific times 
of year for only short periods of time (Sole et al. 2013), Chasmoptera adults 
have rarely been observed in the field. Based on collection records, it 
appears that Chasmoptera adults emerge in late spring to early summer, 
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though they may remain underground if conditions are poor, such as during 
drought. Add to this their presumably restricted distributions and it is evident 
why there is a lack of observational data. Koch (1967) described adult C. 
hutti flying within a metre of the ground, fluttering among plants and resting 
with their wings held vertically over their body. This is very similar to recent 
descriptions of flight style and resting posture, although others have 
commented on a peculiar “dancing” method of flight, where the hindwings 
appear to hinder flying ability (Houston 2000; LCM pers. obs. 2019). Adult 
Chasmoptera are often on flowers, but direct evidence of feeding or 
pollination is unproven (Houston 2000). Recent sightings of C. superba have 
been in sandy environments close to water bodies (i.e.: saline lakes) and 
associated with Darwinia sp. Karonie (K. Newbey, 8503), possibly taking 
pollen or nectar as evidenced by photographs of individuals on flowers (Hort 
and Hort pers.comm. 2/10/2020). Distributions of C. hutti and C. superba 
overlap, suggesting Darwinia sp. Karonie could be a part of both species’ 
diets. If Chasmoptera lead a similar lifestyle to their South African relatives, it 
could be extrapolated that they emerge in spring to coincide with pollen 
resources vital to their diet (Sole et al. 2013).  
1.3.5 Value of Chasmoptera 
There is little published information on Chasmoptera. Although inferences 
can be made from foreign nemopterine studies on the lifestyle, biology and 
behaviour of Chasmoptera. As an endemic, charismatic insect genus, 
Chasmoptera holds intrinsic biodiversity value. There are also compelling, 
practical reasons to improve our understanding of these spoon-wing 
lacewings, as their relatively narrow distribution and specific habitat needs 
may mean they require conservation. At present there are no lacewings (let 
alone spoon-wings) listed as threatened or priority species in Western 
Australia, and only a handful of winged invertebrates (Department of 
Biodiversity, Conservation and Attractions 2019).  It is typically difficult to 
assess population health for winged insects as their home ranges are often 
assumed to be extensive, resulting in insects being disproportionately likely 
to be left off conservation lists. However, due to poor flying ability and 
fragmented, isolated populations, this may not be the case for Chasmoptera, 
which may be at risk due to their inability to disperse or to reproduce when 
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threatened (Houston 2000; ALA 2020). Like their Nemopterinae relatives 
overseas, Chasmoptera may also play a significant ecological role as 
pollinators. Without some form of protection, it is possible that these insects 
and the ecosystems to which they belong may be lost, as has been seen for 
populations of their South African spoon-wing relatives (Sole et al. 2013). 
The essential first step to conserving these lacewings is to identify all of the 
present species, how they are distributed, and how they are associated with 
their habitat.  
1.4 Study rationale and objectives 
Research by Louis E. Koch (former WAM invertebrates curator) and then 
Terry Houston (first WAM Curator of Entomology, now-retired) has identified 
several potentially new Chasmoptera species in Western Australia. 
Specimens from five populations of Chasmoptera do not conform to the three 
known species’ hindwing morphologies, representing the possibility of new 
species. These have been labelled informally within the WAM collection as 
Chasmoptera “Lake Grace”, Chasmoptera “Pinjarrega”, Chasmoptera 
“Geraldton”, Chasmoptera “Eneabba” and Chasmoptera “Arrowsmith” and 
shall be referred to as such hereafter. There is also a single female specimen 
collected in 1969 from Kalbarri (150km south of the holotype locality of C. 
mathewsi) that was labelled by Louis E. Koch as “unique” and may represent 
a potential female specimen of C. mathewsi. In current collections across 
Australia (e.g.: the WAM, the South Australian Museum (SAM) and the 
Australian National Insect Collection (ANIC-CSIRO)) there are specimens 
labelled as either C. hutti or C. superba whose hindwing morphology differs 
to that of the holotypes, though these were unavailable for the present study 
and will be examined in future work (Evangelista 2020, pers. comm. ANIC-
CSIRO; Parslow 2020, pers. comm. SAM). 
This project examines the relationships between the known and potentially 
new Chasmoptera species using molecular and morphological techniques. 
DNA sequence data was used to construct a phylogeny of the genus and test 
the species status of putative new species identified by hindwing 
morphology. Variations in the morphology of the hindwing, forewing and male 
genitalia were also explored to determine if there was any sexual dimorphism 
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or shape variation patterns within and/or between Chasmoptera species. 
These methods were supported by other research that had used molecular 
analyses to produce Nemopterinae phylogenies and delineate species, and 
those that have used hindwing morphology to identify and describe 
Nemopterinae species (Tjeder 1967; Koch 1967; Winterton et al. 2010; Sole 
et al. 2013).  
The main aim of this study was to identify any new species of Chasmoptera, 
based on WAM collections, while exploring the morphological variation and 
possible sexual dimorphism of this genus. This research will provide the 
basis for future taxonomic descriptions, whilst also providing important 






















2.0 MATERIALS AND METHODS 
 
2.1. Overview of Methodology 
Methodological approaches used in this study are listed below: 
i. Field collections of individuals from populations with few 
representatives in the WAM collection. This includes C. mathewsi, C. 
“Arrowsmith” and C. “Lake Grace” (see Table A4). 
ii. DNA sequencing using three genes (COI, 16S and 28S) to construct a 
molecular phylogeny for all possible known and putative new 
Chasmoptera species. 
iii. 2D morphometric analysis of hindwing shape to explore sexual 
dimorphism and shape variation patterns within and/or between 
Chasmoptera species.  
iv. Evaluation of forewing venation structures to determine morphological 
variation between species that could contribute to the current or future 
studies 
v. 3D preliminary scans of male Chasmoptera genitalia to examine any 
morphological differences between species that could contribute to the 
current or future studies. 
2.2 Species Delimitation and Distribution  
Prior to this study, Terry Houston and Louis E. Koch separated putative new 
species from known species based on hindwing morphology and knowledge 
of population distributions. This was the basis for which existing samples 
were selected in this study. The distribution data used for fieldwork in this 
study was determined from a cross-referenced combination of the ALA 
(database accessed 20/10/2020) and internal WAM records (WAM 
Entomology Collection, database accessed 20/10/2020). The ALA is 
Australia’s national biodiversity database, incorporating collection data 
uploaded from Australian national history museums (including WAM), other 
government agencies, as well as observational data registered through 
citizen science portals. The ALA distribution records for Chasmoptera 
encompassed all WAM records, thus the ALA was used to create a map that 




A new distribution map for known and putative new Chasmoptera species 
from WAM collection records was created using RStudio (2020) (Figure 3) 
(WAM Entomology Collection, database accessed 23/03/2021). This updated 
distribution accounts for putative new species’ populations and was created 
post-fieldwork. The total number of individual Chasmoptera in the WAM 
entomology collection is 224, although 8 were excluded from this distribution 
map due to a lack of location data, thus n = 216. C. mathewsi remains the 
northernmost found species, and C. “Lake Grace” the southernmost (Figure 
3). The southern C. mathewsi distribution is for a female specimen donated 
to the WAM collection and thought to possibly be C. mathewsi.  
Figure 3: Distribution map of Chasmoptera species in south-west Western Australia based 
on WAM collection data (WAM Entomology Collection, database accessed 12/01/2021) (n = 
216). Scale bar is configured to conform to latitude and longitude value at placement. Land = 
grey, sea = white. Southern C. mathewsi distribution is for a single specimen, thought to 




2.3 Specimen Collection Attempts 
Prior to collection attempts, a venture lead by Fred and Jean Hort to a 
population of local C. hutti was conducted to familiarise participants with live 
Chasmoptera. Fieldwork was carried out to supplement the Chasmoptera 
specimens in the WAM collection. Two field trips were undertaken to find 
specimens of putative new species or known species with low collection 
numbers. The focus was on C. mathewsi, C. “Lake Grace” and C. 
“Arrowsmith” as these were all represented by five or fewer specimens in the 
WAM collection, and for the two former the specimens were very old (Table 
A4). Fieldwork was conducted in late spring as ALA/WAM records show that 
this was the most common time for Chasmoptera to emerge. 
 
During the first expedition, participants travelled north along the Western 
Australian coastline to Francois Peron National Park (Shark Bay), stopping at 
all sites recorded as having Chasmoptera populations of interest (Figure 3) 
and any sites thought to have suitable Chasmoptera habitat. The second 
expedition was south-east to find C. “Lake Grace”, again stopping at known 
sites (Figure 3) and those thought to be appropriate for Chasmoptera 
populations. Habitats sampled included coastal and inland heathlands with 
proximity to a water source, as this was a common feature in a large 
proportion of historical life history and distribution records. At each site a 
visual search with hand-held nets was conducted through constant 
disturbance of vegetation while moving at a steady pace to disturb resting 
Chasmoptera individuals. Neither fieldwork venture yielded any Chasmoptera 
specimens, thus any further work was performed on those already within the 
WAM collection.   
 
2.4 Molecular Analyses 
 
2.4.1 Samples 
A molecular phylogenetic analysis was undertaken to determine the 
relationships between sequences from known and putative new species. Two 
of the three known species (C. hutti, C. superba) and four of the five putative 
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new species (C. “Geraldton”, C. “Pinjarrega”, C. “Eneabba” and C. 
“Arrowsmith”) were included in the molecular analyses (see Table 1). 
Chasmoptera mathewsi and C. “Lake Grace” were excluded due to the age 
and condition of preserved tissue: these specimens were collected over 70 
years ago. DNA degrades over time in pinned insect specimens, with the 
time of storage found to be positively correlated to DNA degradation, thus it 
was sensible to remove these species from molecular analyses (Dean and 
Ballard 2001). Three recently collected individuals (by external persons) with 
no identification were also included in the molecular analysis, these are 
labelled “Chasmoptera “Undetermined””. Outgroups were taken from 
Winterton et al. (2010) from the available sequence data on GenBank. 
Additional Chasmoptera sequence data (n = 3) was taken from GenBank 
from the three available source papers to increase the breadth of the 






















Table 1: Specimens used for molecular analyses along with their collection locality. 
Sequence data from GenBank is included for additional Chasmoptera specimens and 
outgroup taxa Lertha barbara and Nemoptera coa for COI and 16S only.  “S” = amplification 
succeeded i.e. sequence data available and usable. “SU” = amplification succeeded but 
sequence data was unusable due to lack of nucleotide clarity or contamination. These do not 
apply to GenBank specimens.  “Undetermined” refers to recently collected individuals that 
have not yet been identified.  
Taxon Specimen ID Locality 16S CO1 28S 
C. hutti WAME100592 Melaleuca Conservation Park S SU  
WAME102102 Talbot Road Reserve, Stratton S S S 
WAME102103 Talbot Road Reserve, Stratton S S SU 
WAME109587 Melaleuca Conservation Park    
WAME109590 Melaleuca Conservation Park    
WAME109591 Melaleuca Conservation Park    
C. superba WAME100588 Cunderdin SU S SU 
WAME100580 Cunderdin S S SU 
WAME100589 Cunderdin  SU  
WAME100599 Bullfinch S   
WAME100600 Bullfinch    
WAME109582 Drummond Cove, Geraldton    
C. “Arrowsmith” WAME32311 Arrowsmith SU S  
C. “Geraldton” WAME32343 Seven Mile Beach, Geraldton S S  
WAME32345 Seven Mile Beach, Geraldton S S  
WAME32346 Seven Mile Beach, Geraldton  SU  
WAME32347 Seven Mile Beach, Geraldton  SU  
C. “Eneabba” WAME32290 Robb Road bushland, Eneabba S SU  
WAME32293 Robb Road bushland, Eneabba S SU  
C. “Pinjarrega” WAME32274 Pinjarrega S SU  




WAME92174 Talbot Road Reserve, Stratton S S  
WAME92148 Talbot Road Reserve, Stratton S S  
WAME109591 No collection data  SU  





No collection data    





Seven Mile Beach, Geraldton     













No collection data    
Nemoptera coa 
(Winterton et al. 2010) 
COI: EU839745 
16S: EU734878   
28S: -  
No collection data    
 
2.4.2 DNA extraction, PCR and sequencing 
Two mitochondrial genes (ribosomal RNA 16S and the 5’ end (658bp) of 
cytochrome oxidase I (COI)) and one nuclear gene (28S) were chosen for 
this study because they have been used to create molecular phylogenies of 
Nemopterinae (Winterton et al. 2010; Sole et al. 2013; Wang et al. 2016). 
These genes also represent two different loci and a range of mutational 
rates, thereby minimising single-gene bias and providing more robust 
phylogenetic data (Rubinoff and Holland 2005). The use of COI is 
widespread for animals and is one of the most popular choices for 
investigating species-level questions (Hebert et al. 2003b; Souza et al. 2016). 
This is because it has a high mutation rate, which can assist in distinguishing 
small changes within a species or genus, as well as having good taxonomic 
resolution (Hebert et al. 2003b; Hubert and Hanner 2015). The addition of a 
second mitochondrial gene (16S) increases the chances of determining 
differentiation between species, while the nuclear gene (28S) has a slower 
mutation rate which can resolve deeper divergences and reduce any bias 
that may occur by solely relying on mitochondrial DNA. 
 
2.4.2.1 DNA extraction 
Using a dissecting microscope, small tissue samples were taken from 
legs of pinned Chasmoptera specimens in the WAM entomology 
collection. Tweezers sterilised in bleach, then rinsed twice in de-
ionised (DI) water were used to remove a hindleg and muscle tissue 
from the joint at the thorax for each specimen, before crushing this 
tissue and transferring to a labelled 1.5mL Eppendorf tube containing 
180μl of lysis buffer ATL. The extraction protocol for all individuals 
used the QIAGEN DNeasy® Blood and Tissue Kit, following the 




2.4.2.2 PCR and sequencing 
Extracted genomic DNA was subjected to polymerase chain reactions 
(PCR) to amplify amplicons of target genes for sequencing. Reagents 
for PCR protocols were combined in a “master mix” in a 1.5mL 
Eppendorf tube before genomic DNA was added. Reagents and their 
proportions based on a 25μl total volume (including 1-2μl DNA) are 
shown in Tables 2 and 3. The master mixes for each PCR were 
divided between 0.2mL sample tubes, including a negative control. For 
COI and 16S this was 24μl per sample tube, to which 1μl of each 
individual extracted DNA sample was added (Table 1; Table 2). Primer 
sequences used to amplify each gene region are listed in Table 4. 
PCR was performed under the cycling conditions shown in Table 5. 
Cycling conditions for 16S and COI were chosen based on prior 
successful PCRs on other Neuropteran insects at the WAM, which 
produced good sequence data for this study. 
 
There were difficulties encountered with PCRs for 28S, in which the 
initial attempt using primers and protocol from Sole et al (2013) (the 
only study that has used 28S for Chasmoptera) produced little to no 
PCR product when visualised on Invitrogen E-gels. The cycling 
conditions for 28S were adjusted to include a “touchdown” step. 
Reducing the annealing temperature prior to or post running the 
original recommended annealing temperature (a “touchdown”) can be 
used to troubleshoot producing no PCR product (Bio-Rad Laboratories 
2021; Meridian Bioscience 2021). A touchdown decreasing the initial 
annealing temperature by 10 ̊C was added to the protocol for 28S 
(Table 5). We also altered the reagent proportions by adding Bovine 
Serum Albumin (BSA) to the reagent master mix to enhance PCR 
yield, and increasing the proportion of MyTaq (Tables 3, 5). The 
proportions of PCR master mix reagents for 28S are shown in Table 3. 
This, alongside altered cycling conditions, produced a small amount of 
PCR product for three samples. Dilution trials were used for one of 
these to determine the optimal amount of genomic DNA to add for a 
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PCR of 28S. Dilutions of sample WAME100588 were created by 
combining genomic DNA with DI water in 1.5mL Eppendorf tubes to 
the concentrations shown in Table 6.  Following this, it was 
determined that a greater amount of genomic DNA needed to be 
added to the PCR sample tubes for 28S (Table 3). These PCR 
conditions produced strong enough concentrations of amplicons to be 
sequenced for four samples.  
 
Amplicon concentrations were visualised using Invitrogen E-gels to 
determine quality and quantity of DNA. Those of good viability were 
sent to the Australian Genome Research Facility (AGRF) for 
purification and bi-directional sequencing.  
 
Table 2: PCR reagents for 16S, COI and initial 28S protocols. Example reagents for one 
sample (24μl) are shown, which are combined in a master mix prior to adding 1μl of genomic 
DNA for a total volume of 25μl. This is multiplied by the number of samples per experiment. 












MASTER MIX VOLUME for one sample (µl) 
5 X PCR buffer (5 mM dNTPs, 15 mM MgCl2, 
stabilizers and enhancers) 
5.0 
MyTaq DNA polymerase (5 u/μL) 0.2 
forward primer (10 μM) 0.8 
reverse primer (10 μM) 0.8 
DI water 17.3 
TOTAL 24.0 
Genomic DNA added 1.0 







Table 3: PCR reagents for 28S protocol. Example reagents for one sample (24μl) are shown 
after dilution trials determined optimum genomic DNA proportions: 23μl of master mix before 
adding 2μl of genomic DNA for a total volume of 25μl (initial PCRs were comprised of 23μl of 
master mix and 1μl of genomic DNA). This is multiplied by the number of samples per 
experiment. Concentrations of reagents from Meridian Bioscience (2021). 
 
 
Table 4: Primers used in this study. 
Locus 
(length) 










Mitochondrial Folmer et al. 
1994 





Mitochondrial Palumbi et 
al. 1996 
28S rRNA  Forward: 28S D2-3551 
5‘CGTGTTGCTTGATAGTGCAGC 3’  
 
Reverse: 28S D2-4057  
5’TCAAGACGGGTCCTGAAAGT 3’ 
Nuclear Gillespie et 
al. 2005  
 
MASTER MIX VOLUME for one sample (µl) 
5 X PCR buffer (5 mM dNTPs, 15 mM MgCl2, 
stabilizers and enhancers) 
5.0 
MyTaq DNA polymerase (5 u/μL) 0.80 
BSA (10mg/mL) 0.20 
forward primer (10 μM) 0.8 
reverse primer (10 μM) 0.8 
DI water 15.5 
  
TOTAL 23.0 
Genomic DNA 2.0 







Table 5: PCR conditions for three gene regions: 16S, CO1 and 28S. Two PCR protocols 
included an initial “touchdown” (CO1 and 28S). Protocols for 16S and COI were taken from 
standard practice invertebrate PCR protocols use in the MSU at the WAM. Protocol for 28S 
















95 3min 1 95 3min 1 95 3min 1 
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- 95 30s  
 
7 
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72 45s 72 1min 
Cycling 
Conditions 
95 30s  
 
35 
95 30s  
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95 40s  
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Table 6: Concentrations of Chasmoptera sample WAME100588 for dilution trials to optimise 
PCR reagents for 28S gene.  
Concentration Genomic DNA (from 
extraction) (μl) 
DI water (μl) Total volume (μl) 
4x 4 0 4 
4x 2 0 2 
1x (neat) 1 0 1 
1:5 1 4 5 
1:10 1 9 10 
1:20 1 19 20 
1:40 1 39 40 









2.4.3 Phylogenetic tree building  
 
2.4.3.1 Sequence assembling and alignment 
Forward and reverse sequences obtained from AGRF (Table 1) were 
assembled and edited using Geneious v. 9.1.8 (Kearse et al. 2012). 
Initially sequences were separated based on gene region (16S or 
COI), then trimmed of primers and aligned using the De Novo 
Assemble function (Kearse et al. 2012). Unsuccessful assemblies 
were checked for possible editing and inclusion, although all were 
deemed unusable. Successful assemblies were then manually 
checked for any ambiguous nucleotides or discrepancies and edited 
for clarity. The consensus sequence for each assembly was run 
through the Basic Local Alignment Search Tool (BLAST) to ensure 
there was no contamination. Several individuals had to be discarded 
due to contamination (see Table 1, “SU”). If time permitted, additional 
PCRs were run for samples that failed initially, either identified as 
contamination after the sequencing process or from a lack of 
successful PCR product.  
 
Of the four samples outsourced to sequence the 28S gene, three 
returned clear results. Of these, one (C. hutti) was determined to have 
the closest pairwise identity to a previous C. hutti record on GenBank 
while the other two (both C. superba) were closest to Mamestra 
brassicae Linnaeus, 1758 (a cabbage moth). This was unusual, as it 
would be expected that the closest similarity would be to existing 
Chasmoptera 28S data on GenBank, and suggests contamination. For 
this reason, and for the very low sample size of usable sequence data 





The assemblies from 16S and COI were aligned in Geneious v. 9.1.8 
and re-checked for errors and primer removal. Finally, GenBank was 
used to download two relevant outgroups and all applicable 
Chasmoptera sequences for 16S and COI (Table 1). Outgroups 
Nemoptera coa and Lertha barbara were sourced from Winterton et al. 
(2010), and three C. hutti that had both COI and 16S sequences were 
downloaded for inclusion in the total phylogeny (Winterton et al. 2010; 
Sole et al. 2013; Wang et al. 2016). These sequences were added into 
the existing alignments for COI and 16S. 
 
2.4.3.2 Phylogeny 
Maximum likelihood phylogenies were generated for both 16S and 
COI alignments in Geneious v.9.1.8 (Kearse et al. 2012). Both trees 
were rooted with Nemoptera coa (one outgroup, assuming that the 
second outgroup, Lertha barbara, would be placed adjacent). 
Bootstrap values were calculated based on 1000 replicates. Both 
phylogenies were imported into FigTree v.1.4.4 
(http://tree.bio.ed.ac.uk/software/figtree/) and edited for clarity, with the 
final figures created in Adobe Photoshop (Figures A1 and A2).  
 
The 16S and COI alignments were concatenated in Geneious v. 9.1.8. 
A maximum likelihood phylogenetic tree was then constructed using 
the RAxML plugin with default model settings (GTR + gamma), with 
1000 bootstrap replicates and Nemoptera coa as the outgroup. This 
final tree was edited, and the figure generated as for the previous 
trees above. 
 
2.4.3.3 Species delimitation with ASAP 
The Assemble Species by Automatic Partitioning (ASAP) analysis was 
used to compare pairwise distances and identify species partitions 
(Puillandre et al. 2020). This carries out species delimitation on 
pairwise genetic distances from single locus sequence alignments. 
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This was done only using COI, as this is the standard international 
DNA barcoding region around which ASAP was developed (Hebert et 
al. 2003b; Puillandre et al. 2020). The COI alignment was uploaded to 
the ASAP online portal at https://bioinfo.mnhn.fr/abi/public/asap, with 
default settings. ASAP provides a list of partitions (grouped by species 
groups) ranked by a score: the lower this score, the better support for 
the partition (Puillandre et al. 2020). The two partitions with the lowest 
score were plotted against the phylogenetic tree. 
 
 
2.5 Morphological Analyses 
 
2.5.1 Three-dimensional 
Due to the rarity of specimens in the collection, it was preferable to avoid 
destructive sampling wherever possible. In order to non-destructively 
examine the morphology of the potential new species, a series of X-ray 
microtomographs (micro-CT) were generated of all known and putative new 
species except for C. mathewsi (due to the poor condition of the sole 
specimen). This was undertaken at the University of Western Australia’s 
(UWA) Centre for Microscopy and Microanalysis (CMCA), using a Zeiss 
Versa 520 XRM. The male genitalia of representatives of each known and 
putative species were scanned, generating 3-dimentional tomographic 
datasets. Scans of the hindwings were also trialled, but this was abandoned 
(see section 2.5.1.1.1). Resulting datasets were reconstructed in 
XMReconstructor (v11.1.5707.17179) using the default settings. Visualization 
and imaging were conducted in Drishti 2.6.6 (PC) and Drishti 2.6.4 
(MacIntosh) (Limaye 2012). 
 
2.5.1.1 Hindwings 
A test individual (C. hutti) was used to determine the viability of 
performing X-ray microtomography (micro-CT) and 3-dimentional 
morphometric analyses on hindwing shape. Though a detailed 3D 
image of the individual was produced, a scan of sufficient detail of a 
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single hindwing took a considerable amount of time (approx. 12 hours) 
and effort to produce. From visual examination of numerous 
specimens, it was also apparent that there was great variability in the 
twist of hindwing apical dilations around the wing shaft, both between 
individuals (even from the same collecting event) as well as between 
species. This suggests the twist trait is highly variable and would 
confound further morphometric analyses. For these reasons, 3D 
analysis of hindwings was discarded for this project and 2-dimensional 
morphometrics deemed to be more appropriate for efficiency and lack 
of interfering variables (once the hindwings were flattened the twist 
variable was removed). 
 
2.5.1.2 Genitalia 
The identification and diagnosis of insect species is often reliant on 
male genital morphology (Snodgrass 1957). Koch (1967) used the 
male genitalia to separate C. hutti, C. superba and C. mathewsi. 
Specifically, Koch (1967) referred a genital structure called the 
“gonarcus” (also referred to as “coxopodite 9”) in differentiating C. hutti 
from the other two species based on degree of curvature and size of 
the attached “membranous lobes” (in C. hutti the gonarcus when 
viewed laterally is straight with large lobes, while in C. superba and C. 
mathewsi it is curved with medium to small lobes). To determine the 
exact location and structure of the gonarcus in Chasmoptera other 
studies on Nemopteridae were investigated for familiarity (Aspöck et 
al. 2006; Aspöck and Aspöck 2008).  
 
Using micro-CT generated 3D images, the male genitalia of known 
and putative new Chasmoptera species were compared, focusing on 
the characters described in Koch (1967), as well as looking for other 
traits that may aid in species delimitation. These were also compared 
to Koch’s (1967) original slide mounted dissections for C. superba and 
C. mathewsi (C. hutti holotype and syntypes used for Koch’s (1967) 




Individuals chosen for 3D micro-CT scanning included all known and 
putative new species except C. mathewsi, as the holotype genitalia 
was already slide-mounted (Table 7). The images were analysed in 
Drishti 2.6.6 (PC) and Drishti 2.6.4 (MacIntosh) (Limaye 2012). 
 
 
Table 7: Chasmoptera specimens imaged using micro-CT for male genitals. 
Chasmoptera species Number of specimens 
scanned 
C. hutti 2 
C. superba 2 
C. mathewsi 0 
C. “Pinjarrega” 1 
C. “Geraldton” 2 
C. “Eneabba” 1 
C. “Arrowsmith” 1 
C. “Lake Grace” 1 





2.5.2.1 Forewings  
Koch (1967) used forewing venation to help separate Chasmoptera 
species and in his description of C. mathewsi. Specifically, he used 
the number of veins between Cu2 and the lower wing margin and the 
bifurcation of a vein between R1 and M1+2 for C. mathewsi, as shown 
in Figure 4 (Koch 1967). These cross-vein counts were used in part to 
hypothesise that an unknown female specimen may belong to C. 
mathewsi species, as they are seemingly identical between the two 
specimens. Two-dimensional images of the forewings of 33 individuals 
were produced to compare the traits identified by Koch (1967) across 
known and putative species. Pinned specimens were mounted on 
white pinning foam covered with white paper. A Dino-lite USB 
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microscope AF4915ZTL mounted on a stand and tethered to a laptop 
running DinoCapture 2.0 (https://www.dino-
lite.eu/index.php/en/software-dino-lite), was used to take images of the 
left and right forewings. Images were then imported into Adobe 
Photoshop to increase clarity, before being visually examined to count 
venation at the regions set out by Koch (1967). Any other differences 
in forewings were noted. The forewing of C. mathewsi was imaged 
separately, using the system outlined in section 2.5.2.2) in order to 
reduce risk of damage to the holotype. Images of the right forewing 
(from dorsal view) were used for analysis, so to be directly comparable 
to Koch’s (1967) paper. 
 
 
Figure 4: Forewings of Chasmoptera species; (2) C. hutti; (3) C. mathewsi 







Sixty-seven adult Chasmoptera specimens were selected from the 
WAM entomology dry collection. All valid and putative new species 
were represented by up to 10 individuals, or the maximum possible 
(see Table 8). For example, there are only two individuals of C. 
“Arrowsmith” in the WAM collection, and while there are 5 individuals 
of C. “Lake Grace” only 3 had whole hindwings (Table A4). One 
holotype, C. mathewsi, was analysed with another specimen thought 
to be a female C. mathewsi. Specimens chosen for imaging are listed 
in Table A1. Individuals were selected based on hindwing suitability; 
that is, how well preserved the hindwings were (i.e.: no obvious 
breakages, tears, or damage that would affect shape analysis). It is 
important to note that there were a number of individuals across all 
species that did not have suitable hindwings for analysis. For each 
specimen the left hindwing was used, except in cases where it was 
damaged, in which case this was supplemented with the right 
hindwing (n=9) (with the resulting image mirrored, on the assumption 
that the hindwings are symmetrical).   
 
Table 8: Chasmoptera specimens sampled for hindwing morphometric analyses. Includes 
those imaged and those analysed.  




C. hutti 16 13 
C. superba 10 10 
C. mathewsi 2 2 
C. “Pinjarrega” 10 10 
C. “Geraldton” 14 13 
C. “Eneabba” 10 8 
C. “Arrowsmith” 2 2 
C. “Lake Grace” 3 3 





High-resolution stacked 2D images were taken using a Passport 2 
imaging system, which incorporates a Canon EOS 7D Mark II camera 
and macro lens mounted on an automated rail, taking multiple shots at 
different focal planes. External lighting and flash were used. Each 
specimen was pinned into a foam board. The left hindwing (or right 
where necessary) was positioned on a second, higher foam board to 
lay as flat as possible, with dark background (deemed to give the 
clearest wing image) as shown in Figure 5. A clear plastic cover was 
arranged to flatten the hindwing, placed from the outside wing edge 
inwards for each individual to ensure consistency. A small 10cm ruler 
was added for dimensions. Images were concatenated in Helicon 
Focus 7.5.4 (www.heliconsoft.com), before being collated in Adobe 
Lightroom and edited to add scale bars in Adobe Photoshop. 
Representatives of all known and putative new species’ hindwing 








Figure 5: Hindwings of representative individuals for each Chasmoptera species, both 
known and putative. (A) C. hutti ♂, (B) C. hutti ♀, (C) C. “Pinjarrega” ♂, (D) C. “Pinjarrega” 
♀, (E) C. “Geraldton” ♂, (F) C. “Geraldton” ♀,  (G) C. superba ♂, (H) C. superba ♀,  (I) C. 
“Eneabba” ♂, (J) C. “Eneabba” ♀, (K)  C. “Arrowsmith” ♂ (L) C. “Lake Grace” ♂ and (M) C. 
mathewsi ♂. Both sexes represented where possible (C. “Arrowsmith”, C.“Lake Grace” and 
C. mathewsi are male only). C. mathewsi is missing distal portion of hindwing. Note: The 
small white line intersecting the upper hindwing horizontally is from the plastic cover used to 




2.5.2.2.1 Landmark placement 
In order to quantify the hindwing shape across known and putative 
Chasmoptera species, shape analysis of the perimeter of the hindwing was 
performed. Using FIJI image processing software (Schindelin et al. 2012), 10 
fixed landmarks were placed on all 2D hindwing images to define a fixed 
shape. All landmarks were placed in the same order and orientation on each 
image, as necessary when performing landmark-based morphometric 
analyses (Webster and Sheets 2010). The first and sixth landmark were 
placed at the proximal and distal ends of the hindwing respectively. 
Landmarks 2-5 and 7-10 were determined by the peaks and troughs of the 
hindwing lobes, the peaks (2, 4, 8, 10) designated as the highest point of the 
lobe (often towards the distal end of the hindwing) and the troughs (3, 5, 7, 9) 
taken as the middle of each dip between lobes (Figure 6). Every 
Chasmoptera specimen has two sets of hindwing lobes and troughs, albeit 
some more prominent than others. Wing venation was initially considered for 
establishing landmark placements as other studies have used this trait for 
species descriptions and delimitations (Tjeder 1967; Lu et al. 2019), however 
the multiple, condensed veins in the hindwing were not clearly defined in 
images nor were their numbers or positions consistent within or between 
species. Landmarks were placed as shown in Figure 6, as an example. Four 





Figure 6: Imaging set up and landmark configuration for recording Chasmoptera hindwings 
(left wing). Yellow dots are landmarks 1-10 beginning at the proximal end of the hindwing.  
 
2.5.2.2.2 Repeatability analysis 
A repeatability analysis was conducted to assess the consistency of 
landmark placement. Within-observer inconsistency can incur potential error 
in measurement results in morphometric analyses (Arnqvist and Mårtensson 
1998) and, given the need to create somewhat arbitrary landmarks in the 
absence of clear venation, this error was a real risk. A subsample of 
Chasmoptera individuals was selected, including two individuals of each 
known and putative species and one of each sex where possible for a total of 
n = 16. This represents just over a quarter (26.23%) of all individuals in the 
total sample (n = 61). Subsample information can be found in Table A3. 
Three rounds of landmark placement were performed for each individual in 
the subsample over two consecutive days by a single participant to minimize 
sampling error. The coordinates of each landmark for each repeat (1,2 and 3) 
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were imported into Microsoft Excel and an ANOVA (alpha = 0.05) conducted 
separately on the x-coordinates and y-coordinates for each individual.  
 
The results of the ANOVA, specifically the within-groups and between-groups 
mean squares scores, were used to calculate repeatability. Repeatability 
(“r”), also known as the intraclass correlation coefficient (ICC), is used to 
assess the reliability of multiple measurements on one individual (Lessells 
and Boag 1987), and is calculated as follows:  
 





where s2 is the within-groups variance component and s2A is the between-
groups variance component, calculated from the ANOVA results as follows: 
 
𝑠2 = 𝑀𝑆𝑤 
 





where n is the component related to the sample size (repeat placements) per 
group (Chasmoptera individual). If all the sample sizes are equal, then n = 
sample size (in this case, n=3).  
 
2.5.2.2.3 GPA, PCA and K-means clustering 
Landmark data from FIJI (Schindelin et al. 2012) was imported into RStudio 
(2020) where all data analysis was performed in RStudio (2020). A 
Generalised Procrustes Analysis (GPA) was performed to remove location, 
size and rotation as shape factors, allowing for direct comparison of hindwing 
shapes (landmark placement).  
GPA involves four steps: 
(1) computing the centroid of each shape, 
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(2) re-scaling each shape to have equal size, 
(3) aligning the shapes by their centroids, and 
(4) aligning the shapes by rotating until they have identical orientation.  
Step (4) is an iterative process where all shapes are rotated to align with a 
single arbitrary consensus shape (e.g.: the first set of landmarks). The 
resulting coordinates are averaged to determine a new consensus, with this 
process repeated until the consensus shape does not change significantly 
and convergence is achieved. The coordinates of the resulting landmarks are 
referred to as Procrustes shape coordinates.  
 
A principal component analysis (PCA) was then performed on the Procrustes 
shape coordinates to determine if there was any clustering of known and 
putative new Chasmoptera species based on hindwing shape. A second aim 
was to identify any sexual dimorphism within or between species. The PCA 
determines new variables, or principal components (PCs), which are 
calculated as a linear representation of the whole sample and arranged 
numerically so that the first PC accounts for the largest variance in the data, 
the second PC accounts for the second most (non-overlapping) variance and 
so on. Prior to the PCA, outliers were examined and two individuals removed 
as re-examination of images revealed hindwing bending, causing unreliable 
landmark placement (Table 2A).  PCAs were also performed for males and 
females separately to determine if there was clustering based on sex, 
indicating sexual dimorphism between and/or within species.  
 
K-means clustering, a centroid-based algorithm, was used to assign all 
individuals from the PCA, separated by sex, to clusters based on their 
distances to a defined centroid. The algorithm involves four steps to assign 
points to clusters: 
(1) determine the number of clusters, k; 
(2) select k points within the PCA points to act as centroids; 




(4) re-compute new centroids for the formed clusters, repeating steps 3 
and 4 until the centroids do not change (points remain in the same 
cluster). 
As males and females have slight to considerable differences in hindwing 
morphology, k-means clustering was performed separately for males and 
females. Both sexes underwent k-means clustering with clusters (k) of 3-8 
with 999 initial configurations (chosen to ensure best centroid placement) to 
determine if any clusters were maintained consistently. For males, the k-
value was taken from the original species groups hypothesised by Louis E. 
Koch and Terry Houston (k = 8) and then by the k-value inferred from the 
molecular phylogeny, including the two species that were unable to be 
included: C. mathewsi and C. “Lake Grace” (k = 6).  Females are also 
presented under the same conditions, minus those without female 
























3.1 Molecular Analyses 
 
3.1.1 Identification of individuals 
Two of the three specimens that had not yet been identified as belonging to 
either a known or putative new species group (labelled Chasmoptera 
“Undetermined”) returned usable sequences. In all phylogenetic analyses 
these individuals were resolved as being C. hutti with ≥98% sequence 
similarity to the other C. hutti sequences included (Figure 7, Figure A1, 
Figure A2).  
 
Chasmoptera sequences taken from GenBank (n = 3) were from specimens 
originally reported as C. hutti (Winterton et al. 2010; Sole et al. 2013; Wang 
et al. 2016). The results of the present study indicate that none of these 
individuals are C. hutti, but instead the specimen of Wang et al. (2016) 
belongs to the C. “Arrowsmith” + C. “Eneabba” clade with over 99% 
sequence similarity, while those of Winterton et al. (2010) and Sole et al. 
(2013) group with C. “Pinjarrega” + C. “Geraldton” with ≥95% sequence 
similarity (Figure 7, Figure A1, Figure A2).  
 
3.1.2 Delimitation of species 
 
3.1.2.1 Phylogeny 
A phylogenetic tree was constructed based on the concatenated 
sequence data from two gene regions: COI and 16S. The result is 
presented in Figure 7, which combines six of the eight putative 
Chasmoptera species with two outgroup species. The phylogeny 
shows four clades of Chasmoptera, well-supported by bootstrap 




Two described species, C. hutti and C. superba, were both well-
supported by the gene trees as well as the combined analysis with 
bootstrap values of 99% and above, and are resolved as sister 
species (Figure 7, Figure A1, Figure A2). From this strong support, the 
percentage of nucleotide divergence between C. hutti and C. superba 
was used as a minimum threshold for an additional method to assess 
the species status of the putative species clades (using values from 
Geneious v. 9.1.8 (Kearse et al. 2012)) (Figure 7). This threshold is 
defined as ≥7% nucleotide divergence. This is congruent with previous 
sequence divergence estimates for insects, which found an average of 
6.6% to 11.5% divergence between species (Hebert et al. 2003a). 
Thresholds used in other insect phylogenies have smaller threshold 
values ranging around 2-3% nucleotide divergence to delimit species 
(Hebert et al. 2003a), but the conservative value of 7% has been 
chosen for this study based on the percent divergence between the 
two described Chasmoptera species. 
 
The original four putative new species being tested instead form two 
well-supported clades in the combined phylogeny, each clade with 
≥99% bootstrap values and showing ≥7% divergence from its nearest 
neighbour. These clades are also resolved as sister species (Figure 
7). In the C. “Arrowsmith” + C. “Eneabba” clade the percent 
divergence between these two cannot be directly determined, as the 
sequences are from two separate genes (C. “Arrowsmith” was 
successful for COI only, and C. “Eneabba” for 16S only (Table 1)). 
However, the percent divergence between C. “Arrowsmith” and the C. 
hutti sample from Wang et al. (2016) is <1%, and the percent 
divergence between the Wang et al. (2016) sample and C. “Eneabba” 
was <4% (both less than the previously defined threshold value of 
≥7%). This, alongside a bootstrap value of 100 for the clade, indicates 
that C. “Arrowsmith”, C. “Eneabba” and the Wang et al (2016) 
specimen are conspecific, hereafter referred to as Chasmoptera “AE” 




The second well-supported clade is comprised of C. “Pinjarrega” + C. 
“Geraldton” specimens, plus the specimens of Winterton et al. (2010) 
and Sole et al. (2013) (Figure 7). The percent divergence between C. 
“Pinjarrega” + C. “Geraldton” specimens is ≤4%, and between these 
and the GenBank specimens from Winterton et al (2010) and Sole et 
al (2013) is ≤5%, while the bootstrap value for the clade is 99% 
(Figure 7). This clade will hereafter be referred to as Chasmoptera 
“PG”. 
 
3.1.2.2 Species delimitation with ASAP 
The ASAP method was used to compare pairwise distances to identify 
species partitions (Puillandre et al. 2020). The resulting species 
hypotheses are indicated by black vertical lines in Figure 7, showing 
the two ASAP partitions with the lowest scores (A1 and A2). This was 
done only using COI, as this is the standard DNA barcoding region 
around which ASAP was developed (Hebert et al. 2003b; Puillandre et 
al. 2020). 
 
A1 identifies 7 species, and A2 identifies 6 species. As expected, the 
two outgroups are readily identified for both A1 and A2. In both 
partitions C. hutti and C. superba are recognised as discrete species, 
indicating good support for their species status (Figure 7). 
Chasmoptera “Arrowsmith” and the specimen from Wang et al. (2016) 
were defined as one species in both A1 and A2 (Figure 7). The only 
discrepancy between these partitions is in C. “PG” where A1 
separated C. “Pinjarrega” and C. “Geraldton” while A2 combined them 




Figure 7: Maximum likelihood phylogeny of combined 16S and COI dataset. Bootstrap 
values below 75 were discarded for clarity. Species groups comprised of multiple putative 
new species are denoted with the first initial of their name (i.e.: “A” for C. “Arrowsmith”). 
Chasmoptera sequences from GenBank are labelled as their GenBank name and either 
GenBank code or lead author. ASAP species partitions for COI only are added (black, 
vertical lines) for the best two partitions (A1 (groups = 7) and A2 (groups = 6)). Where a 






3.2 Morphological Analyses 
 
3.2.1 Three-dimensional  
3.2.1.1 Genitalia scans 
Comparison of internal and external genital structures using the micro-
CT datasets yielded no obvious differences between species (Figure 
A4, Figure A5). Further detailed examination of these (e.g.: quantifying 
the 3D variation using spherical harmonics (Shen et al. 2008)) may 
ultimately reveal differences of taxonomic importance, however this is 
beyond the scope of the present study. 
 
When comparing genital structures from the micro-CT scans to the 
figures in Koch (1967), the gonarcus was initially difficult to locate. 
After examination of Koch’s (1967) original slide-mounted dissections, 
it was evident that his description of the genitalia occurred after fixing 
the genitalia on slides. This preservation appears to have distorted the 
genitalia, including the gonarcus. Consequently, the traits identified by 
Koch (1967) may not be reliable in delineating Chasmoptera species. 
It is hoped that closer examination of Chasmoptera genitalia, using the 
non-distorted micro-CT datasets, may ultimately yield some useful 
traits for species delimitation.  
 
3.2.2 Two-dimensional  
3.2.2.1 Forewing venation 
Forewing venation was examined across 33 specimens for all known 
and putative species (Figure 4, Figure 8). Any other notable features 
were also recorded. All venation counts (number of veins at or 
between a defined part of the wing) and comments are in Table 9, 
below. As Koch (1967) noted, forewing venation proved to be variable 
within C. hutti (and likely within other species), particularly in the 
branching of veins along the wing apex margin and the number of 
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veins between Cu1a and M3+4 +Cu1. No consistent pattern was found to 
assist with distinguishing species, with considerable overlap in cross-
vein counts across species (Table 9). Only C. “Arrowsmith” and C. 
mathewsi had consistent within-species venation counts, though this is 
probably due to the low numbers of specimens available for 
examination (Table 9). One other notable difference is that C. 
“Geraldton” had consistently higher venation counts when compared 
to other species for both wing regions discussed by Koch (1967) 
(Cu2 and R1 to M1+2), especially in comparison to C. “Pinjarrega” to 
which C. “Geraldton” is resolved with in clade C. “PG” (Table 9).  
 
Figure 8: Forewing images for representatives of known and putative new Chasmoptera 
species: (A) C. “Arrowsmith” (B) C. “Eneabba” (C) C. “Geraldton” (D) C. hutti  (E) C. “Lake 
Grace” (F) C. “Pinjarrega” (G) C. superba (H) C. mathewsi. 
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Table 9: Chasmoptera individuals used for forewing venation analysis. Venation areas 
examined were the number of veins between Cu2 to the lower wing margin, and the number 
of veins between R1 to M1+2, commenting on any vein bifurcation (see Figure 4 for vein 
locations). The second listed C. mathewsi is a female specimen hypothesised to be C. 


























Bifurcation of vein from R1 to M1+2, 
immediately proximal to R2 (noted by 
Koch (1967) originally to separate C. 
mathewsi from C. hutti and C. 
superba) 
  WAME32320 8 6  
C. 
“Arrowsmith” 2 WAME32314 9 6 
 
  WAME32311 9 6 
 
C. “Eneabba” 3 WAME32283 9 7 
 
  WAME32288 10 5 
 
  WAME32291 11 5 
 
C. “Geraldton” 6 WAME32295 12 10 
 
  WAME32308 11 7 
 
  WAME32334 13 9 
 
  WAME32340 12 7 
 
  WAME32343 10 7 
 
  WAME32347 10 7 
 
C. hutti 12 WAME31797 11 6 
 
  WAME31803 12 6 
 
  WAME31824 10 6 
 
  WAME32321 8 7 
 













Has bifurcated vein from M1+2 to 
R1, not seen in other specimens of 
C. hutti or other species 
  WAME92174 9 4  
  WAME101316 7 5 
 
  WAME101317 9 6 
 












Last two veins of Cu2 are bifurcated, 
not seen in other specimens of C. 
hutti or other species 
  WAME109591 9 6  
C. “Lake 
Grace” 3 WAME32316 11 8 
 




  WAME32318 9 6 
 
C. “Pinjarrega” 3 WAME32264 8 6 
 
  WAME32265 9 6 
 
  WAME32274 9 5 
 
C. superba 4 WAME100566 7 6 
 
  WAME100567 10 7 
 
  WAME100579 9 8 
 







3.2.2.2.1 Repeatability analysis  
Harper (1994) states that an r value of 1 indicates the two (or 
more) measurements are perfectly consistent with no observer 
error. A value below 0.2 indicates slight repeatability, 0.2 – 0.4 
shows low repeatability, 0.4 – 0.7 indicates moderate 
repeatability, a value of 0.7-0.9 denotes high repeatability and 
0.9 and above indicates very high or excellent repeatability. The 
repeatability analysis performed for 16 Chasmoptera individuals 
produced values for r between 0.997402 to 0.999993 for all x 
and y coordinates (see Table A3), so it can be concluded that 
intra-observer or measurement error was not a confounding 
factor in landmark placement. 
 
3.2.2.2.2 PCA 
The first two principal components (PC1 and PC2) from the 
PCA covered 84.77% of the variance and so were retained for 
analysis and visualisation of the PCs. The PC scores were 
arranged graphically to establish visually if there was any 
clustering of species or sexes (Figure 9, Figure 10). Individuals 
with broader hindwings (see Figure 5), such as C. “Lake Grace” 
(all males), C. hutti males and C. “Arrowsmith” (all males) 
appear to cluster to the left of the graph (lower x-values), whilst 
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those with slimmer hindwings cluster closer to the right (Figure 
5, Figure 9, Figure 10). There is overlap between all PC scores 
within the clades defined by the phylogeny (Figure 7) except C. 
“AE” in which C. “Arrowsmith” and C. “Eneabba” do not overlap 
at all (Figure 9).  
 
 
Figure 9: PCA plot of Chasmoptera hindwing morphology based on fixed landmark 
placement (Landmarks = 10, n (species, including putative new) = 8, n (individuals) = 61).  
 
3.2.2.2.2.1 Males versus females 
For C. “Arrowsmith” and C. “Lake Grace” there are no females 
available in the WAM collection, and for C. mathewsi there is 
only one unconfirmed female specimen, based on location data 
and identical cross-vein numbers on forewings (locations 
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described by Koch (1967)) so a direct comparison cannot be 
made between the sexes for these species (Figure 10, Table 
A4). As the x-axis appears to in part reflect breadth of 
hindwings, it is apparent that female Chasmoptera specimens 
are less variable in hindwing breadth when compared to males 
as they cluster more tightly along the x-axis (Figure 10).  
 
From the PCA analysis (Figure 9, Figure 10) and visual 
comparison (Figure 5) the sexual dimorphism of hindwing 
shape for C. hutti is apparent. The males barely overlap the 
distribution of females in the PCA, indicating shape variation 
(Figure 9, Figure 10).The sexes of C. superba, C. 
“Pinjarrega”,C. “Geraldton”, C. “Eneabba” did not show any 
obvious disparity within them in the PCA analyses, indicating a 
low chance of hindwing-based sexual dimorphism within each 
of these species (Figure 9, Figure 10).  
 
Though the phylogeny resolved the clade C. “AE”, there is an 
obvious discrepancy between the male apical dilation (lobe) 
size, with male C. “Arrowsmith” having far broader/larger 
hindwings compared to male C. “Eneabba” individuals, shown 
in the PCA analyses (Figure 9, Figure 10) and visual 
examination (Figure 5). This suggests either great 
morphological variation within the males of the C. “AE” clade, or 









Figure 10: PCA plot of Chasmoptera hindwing morphology based on fixed landmark 
placement and separated by sex (Landmarks = 10, n (individuals) = 61, n (females) = 25, n 





3.2.2.2.2.2 K-means clustering 
The results of the male k-means cluster analyses show that C. 
“Lake Grace” is the only discrete cluster maintained entirely 
throughout almost all tested k values (k = 4 – 8) (Figure 11, 
Figure A3). For k = 8 and k = 6 there is a cluster that 
exclusively contains all males from both C. hutti and C. 
“Arrowsmith” (Figure 11, Table A2), likely as these males have 
similarly broad hindwing apical dilations that diverge 
approximately midway along the shaft (Figure 5). The k = 6 
analysis also presented one cluster that contains all C. 
“Pinjarrega” males exclusively (Figure 11, Table A2). The other 
clusters in both k = 6 and k = 8 are composed of a mix of 
Chasmoptera species with no obvious patterns. As C. mathewsi 
is represented only by the male holotype, it was unable to 
resolve in a solitary cluster, and is instead resolved in clusters 
that are comprised mostly of male C. “Pinjarrega” specimens, of 
which the males (and females) of both species exhibit slim 
apical dilations (Figure 5).  
 
The results of the female k-means cluster analyses do not have 
as obvious clustering as with the male k-means clusters. The 
only cluster from both k values that is comprised of an exclusive 
species is k = 4 for all female C. superba specimens (Figure 
12). In k = 8 this group is maintained with one C. superba 
specimen removed (Figure 12). This is the only obvious 
clustering patterns for female k-means analyses, and there 
were no clusters maintained consistently between k = 3 to k = 
8. Like the holotype, the possible female representative of C. 





The k-means cluster analysis revealed that the putative new 
species that comprise the clades C. “AE” and C. “PG” (Figure 
7) did not cluster consistently together for either sex (Figure 11, 
Figure 12). Some k-means clusters for males and females of C. 
“Pinjarrega” and C. “Geraldton” were included representatives 
of both, suggesting some weak similarity in hindwing 
morphology (Table A2). With only one sex directly comparable, 
the males of C. “Arrowsmith” and C. “Eneabba” appear to be 
morphologically different as they are not resolved in clusters 






Figure 11: K-means clusters from PCA of male Chasmoptera hindwing morphology (k 
(number of clusters) = 6 (above, based on known species, phylogenetic results and 
morphometric separations) and 8 (below, based on original hindwing morphology species 






Figure 12: K-means clusters from PCA of female Chasmoptera hindwing morphology (k 
(number of clusters) = 4 (above, based on known species, phylogenetic results and 
morphometric separations) and 6 (below, based on original hindwing morphology species 







This study is the first to present a molecular phylogeny of the Australian 
spoon-wing lacewing genus Chasmoptera. The results of the molecular 
analyses and some of the morphological analyses support the delimitation of 
six Chasmoptera species, including three described species (C. hutti, C. 
superba and C. mathewsi) and the addition of three new species groups C. 
“AE”, C. “PG” and C. “Lake Grace”. Sexual dimorphism of hindwing shape 
within and between species was also investigated as this is seen in 
numerous other Nemopteridae, including C. hutti, and is often used to assist 
with species identifications (Tjeder 1967). From the PCA plots, males 
appeared to show greater variation in hindwing shape than females, 
suggesting hindwings may be under sexual selection in males, with such 
secondary sexual traits typically showing greater variation (Pomiankowski 
and Møller 1995). Future studies on sex differences in Chasmoptera will 
benefit from larger sample sizes, especially for those species where females 
are not known. Forewing venation and male genital characteristics described 
in Koch (1967) were also examined to determine their value in Chasmoptera 
species identifications. Few species-specific patterns were found, though 
further examination of the male genitalia may reveal consistent species-
specific differences.  
 
4.2 Species delimitation  
A combination and comparison of the monophyletic clades in the molecular 
phylogeny, the ASAP species delimitation, the genetic distances between 
and within clades, and support from morphological features resolved five 
Chasmoptera species with good support, though two may be further divisible 
if more data is obtained in future. Though unable to be included in the 
molecular analyses, C. mathewsi ‘s species status was concluded to be 
maintained in the absence of any strong morphological support to the 
contrary. The other two known and described species, C. hutti and C. 
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superba, were separated into sister clades with strong support from the 
phylogenetic results, both ASAP partitions, and the genetic distance data, 
concluding that the original separation of these specimens based on 
morphology alone was correct. However, for both species, the morphometric 
results only resolved one cluster of exclusive C. superba specimens: females 
for k = 4, which is unexpected given that morphological identifications based 
on hindwing shape by Louis E. Koch and Terry Houston were correct. The 
inclusion of more specimens in future work, if practicable, and including more 
landmarks or employing a method that utilises sliding semi-landmarks may 
more accurately capture shape and shape variation between taxa. 
 
The three specimens taken from GenBank, originally identified as C. hutti, 
are in fact representatives of two of the new species resolved by the 
phylogeny and ASAP partitions: C. “AE” with one (Wang et al. 2016) and C. 
“PG” with two (Winterton et al. 2010; Sole et al. 2013). These findings are 
valuable for two purposes; first, to demonstrate that genetic sequence 
similarity and location data for species are related, as seen in other insect 
studies (Pons et al. 2006). The two known collection locations of two of the 
GenBank specimens place each in the same locality as others within their 
respective new species (Chasmoptera “AE” (Coorow) or “PG” (Seven Mile 
Beach, Geraldton)). As Chasmoptera populations are typically in isolated 
distributions, this means individual species are more vulnerable to threats. 
Secondly, these findings update the species information of the individuals 
used in prior studies, prompting investigation of any other Chasmoptera used 
in international studies (Winterton et al. 2010; Sole et al. 2013; Wang et al. 
2016). There are, however, some discrepancies between the putative new 
species that comprise the new Chasmoptera clades that need to be resolved 
before conclusions can be made.  
 
From the concatenated molecular phylogeny, a monophyletic clade 
comprised of all C. “Pinjarrega” + C. “Geraldton” specimens, as well as the 
two specimens from GenBank (Sole et al. 2013; Wang et al. 2016), was 
determined as C. “PG”. This was supported by the set threshold of ≥7% 
nucleotide divergence and ASAP partition A2, though the best partition, A1, 
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divided this clade into two discrete species as originally hypothesised by 
hindwing morphology alone. This division was reinforced by the k-means 
analyses, in which C. “Pinjarrega” and C. “Geraldton” specimens did not 
resolve together exclusively as one cluster for either sex, though they appear 
visually to have similar hindwing shapes. There was no obvious variation in 
male genital traits between them, though forewing venation indicates some 
difference between C. “Pinjarrega” and C. “Geraldton”. The number of cross-
veins between Cu2 and the wing margin and between R1 to M1+2 for C. 
“Geraldton” was consistently higher compared to most taxa, including C. 
“Pinjarrega”. Further study of these contrasting results, particularly through 
DNA sequencing, will be required to conclusively decide whether C. “PG” 
represents one or two species.  
 
The second new clade, C. “AE”, also has contrasting results within and 
between the molecular and morphological analyses that need further study to 
determine the species status definitively. In this clade the percent nucleotide 
divergence could not be directly assessed as C. “Arrowsmith” was only 
represented by COI, while C. “Eneabba” was only represented by 16S 
sequence data. However, a comparison of both putative new species to the 
Wang et al. (2016) specimen indicated both were below the 7% threshold. 
This, alongside a bootstrap value for the clade of 100% and both ASAP 
partitions placing C. “Arrowsmith” and the Wang et al. (2016) sample as one 
group, appears to support C. “Arrowsmith” + C. “Eneabba” as one species. 
With the collection sites for C. “Arrowsmith” and C. “Eneabba” very close 
(≤10km apart), it is unsurprising that they are closely related, if not members 
of the same species. Despite being grouped as a clade by the molecular 
analyses, there appears to be strong morphological variation of the 
hindwings between the males of C. “Arrowsmith” and C. “Eneabba”, 
suggesting they may in fact be two distinct species. As already discussed, 
once COI sequences are available for both taxa, species delimitation 
methods may resolve these as sister species rather than a single, 
morphologically variable species. Additionally, greater sample sizes for both 
C. “Arrowsmith” and C. “Eneabba”, especially the former, which has no 
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female specimens, would help in characterising their morphology and 
determining whether or not they consistently differ.  
 
Chasmoptera “Lake Grace” was not able to be assessed with DNA sequence 
data but was justified as a species based on morphometric results showing 
consistent k-means clustering of the uniquely shaped male hindwings. 
Additionally, the one population of C. “Lake Grace” is the most isolated 
population of Chasmoptera, with the next closest approximately 250km away. 
Pons et al. (2006) has established a link between geographic population 
location and DNA distribution that supports a hypothesis of vicariant 
speciation for C. “Lake Grace”. While these results likely represent a new 
species, confirmation of this will require closer examination of morphological 
traits, especially the genitalia, and potentially the use of specialised DNA 
extraction and amplification methodology that has been used in other studies 
of old tissue samples (Yeates et al. 2016).  
 
4.3 Hindwing variation and sexual selection 
Morphometric analysis of hindwing shape variation resolved sexual 
dimorphism trends for at least one species, which may be indicative of sexual 
selection controlled by female choice. Chasmoptera hutti was the only 
species with conclusive sexual dimorphism of hindwings (broad-lobed males, 
narrow-lobed females) that was able to be assessed directly. If female choice 
is influencing the variation in male hindwing morphology in C. hutti, this may 
result in Fisherian runaway sexual selection, where elaborations in the male 
based on female choice are only halted by the opposing influence of natural 
selection (Choe et al. 1997). This is supported by observations of 
Chasmoptera individuals appearing to have difficulty flying, with the 
hindwings “dragging” behind them (Houston 2000, LCM pers. obs. 2019). 
Assuming the hindwing shape can affect flight in Chasmoptera, an increased 
male hindwing size could be a trade-off geared towards increasing mating 
success whilst reducing flight fitness. This sexual selection may also be 





While C. “Arrowsmith” and C. “Lake Grace” are only known from males, since 
their specimens also exhibit broad hindwing lobes it is reasonable to suspect 
that these species may also be sexually dimorphic like C. hutti and therefore 
under the same influences. The similarity in male hindwing shape between C. 
hutti and C. “Arrowsmith” seen in the k-means clustering results, despite their 
relative distance in the molecular phylogeny, reinforces the importance of 
looking at multiple lines of evidence when proposing species relationships 
(Pons et al. 2006). Since the species with broad-lobed hindwings do not 
cluster in this study’s phylogeny, it would seem that either this trait has 
evolved several times or has been lost in multiple lineages. Considering this, 
it is difficult to place C. “Lake Grace” confidently in the phylogeny and clearly 
more work on the refinement of hindwing shape quantification, perhaps 
through more landmarks or introducing sliding semi-landmarks, is needed.   
 
4.4 Other morphological patterns  
While examination of forewings and male genitalia did not yield any 
unambiguous characters for identifying and diagnosing the putative new 
species, closer examination, in particular of genital traits as captured by 
micro-CT imaging, may yield some useful characters. It would also be 
worthwhile to examine the specimens from which GenBank-derived 
sequences were generated, as well as material housed in other museums in 
Australia and abroad, in order to gain a better understanding of what traits 
consistently define Chasmoptera species, and even whether still more 
















This study presents a preliminary assessment of species status in the sole 
Australian spoon-wing lacewing genus Chasmoptera. Examination of 
preserved Chasmoptera specimens at the WAM has resulted in the 
hypothesis that there are at least five more species than the known three: C. 
hutti, C. superba and C. mathewsi. This study is the first to present a 
molecular phylogeny of Chasmoptera, which was able to tentatively conclude 
the existence of at least two more species groups: C. “PG” and C. “AE”. 
Morphometric analysis of hindwing shape coupled with an isolated population 
distribution revealed a probable third new species, C. “Lake Grace”. 
Preliminary data on forewing venation and male genital structures presented 
few robust species-specific patterns to assist with delimitation of species, and 
comparison to the prior Chasmoptera study revealed the male genital 
descriptions to be unreliable. 
 
Despite these results at least doubling the number of known Chasmoptera 
species, there were several limitations that should be addressed before 
conclusions can be made. First and foremost, the lack of sufficient sample 
sizes for C. mathewsi, C. “Lake Grace” and C. “Arrowsmith” limits the 
conclusions that can be drawn about the species status of Chasmoptera. The 
age of the specimens of the two former species requires specialised 
molecular techniques or the collection of fresh specimens to resolve their 
species status. Given that the last collections of these two species occurred 
over 70 years ago, re-collection is unlikely. These species (C. mathewsi, C. 
“Lake Grace” and C. “Arrowsmith”) are not only represented by limited 
numbers but are also limited by sex, as they are all represented by males 
only. If collection of females is possible, or identification of females within the 
WAM collection or at other collecting institutions such as Australian National 
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Insect Collection or the South Australian Museum, this would also improve 
our knowledge of sexual dimorphism within the genus. Secondly, and 
perhaps more urgently, is the expansion of DNA sampling efforts of existing 
material to ensure all specimens have directly comparable sequence data. 
Ideally all target specimens would be sequenced for multiple genes, including 
nuclear gene regions, which would allow for more robust species delimitation 
estimates. The 3D scans of male genitalia should also be investigated 
further, for example using 3D morphometric techniques (Shen et al. 2008) 
which may detect subtle variations that could assist with species delimitation. 
Finally, studies on the life history and behaviour of Chasmoptera are 
recommended to provide explanations for hindwing variation within and 
between species. 
 
The results of this study validate the hypothesis that there are more than 
three species of Chasmoptera in Western Australia and provide the first step 
towards a comprehensive study on the sole Australian genus of spoon-wing 
lacewings. This study lays the groundwork for formal taxonomic revision of 
the genus, with new taxonomic descriptions, and will hopefully prompt further 

















































Journal style: Evolutionary Systematics  
 
 
Arnqvist G, Mårtensson T (1998) Measurement error in geometric 
morphometrics: empirical strategies to assess and reduce its impact on 
measures of shape. Acta Zoologica Academiae Scientarum Hungaricae 
44(1-2): 73-96. 
Aspöck U, Aspöck H (2008). Phylogenetic relevance of the genital 
sclerites of Neuropterida (Insecta: Holometabola). Systematic Entomology 
33(1):97-127. 
Aspöck U, Letardi, A, Aspöck H (2006) Nemoptera rachelii n. sp. – eine 
neue Spezies der Familie Nemopteridae aus dem Iran (Neuropterida: 
Neuroptera). Entomologische Nachrichten und Berichte 50: 29-34. 
Atlas of Living Australia (2020) Chasmoptera Kirby, 1900. 
https://bie.ala.org.au/species/urn:lsid:biodiversity.org.au:afd.taxon:1ee41f
e7-4523-4db8-872a-96702fa4ae34#data-partners 
Bio-Rad Laboratories (2021) PCR Troubleshooting. https://www.bio-
rad.com/en-au/applications-technologies/pcr-
troubleshooting?ID=LUSO3HC4S#gel1  
Chirango Y (2014) Dietary shifts in pollen-feeding lacewings 
(Nemopteridae) in relation to vegetation, biome and phylogeny. Honours 
Thesis, University of Cape Town, Cape Town, South Africa.  
Choe JC, Crespi BJ, Crespi D of BBJ (1997) The Evolution of Mating 




Claisse P, Brisac P, Nel A (2019) The first fossil Nemopteridae from the 
Oligocene of Cereste (France) (Insecta: Neuroptera). Paleoentomology 2 
(2): 115-118.  
Dean MD, Ballard WO (2001). Factors affecting mitochondrial DNA 
quality from museum preserved Drosophila simulans. Entomologia 
Experimentalis et Applicata, 98: 279-283.  
 
Department of Biodiversity, Conservation and Attractions (2019) 








Engel MS, Winterton SL, Breitkreuz LCV (2018) Phylogeny and evolution 
of Neuropterida: where have wings of lace taken us? Annual Review of 
Entomology 63: 531-51. 
 
Folmer O, Black M, Hoeh W, Lutz R, Vrijenhoek R (1994) DNA primers 
for amplification of mitochondrial cytochrome c oxidase subunit I from 
diverse metazoan invertebrates. Molecular Marine Biology and 
Biotechnology 3 (5): 294-299. 
 
Gillespie JJ, Munro JB, Heraty JM, Yoder MJ, Owen AK, Carmichael AE 
(2005) A secondary structural model of the 28S rRNA expansion 
segments D2 and D3 for chalcidoid wasps (Hymenoptera: Chalcidoidea). 





Harper DGC (1994) Some comments on the repeatability of 




Hebert PDN, Ratnasingham S, deWaard JR (2003a) Barcoding animal 
life: cytochrome c oxidase subunit 1 divergences among closely related 
species. Proceedings of the Royal Society of London. Series B: Biological 
Sciences 270: 96–99. 10.1098/rsbl.2003.0025 
 
Hebert PDN, Cywinska A, Ball SL, Dewaard JR (2003b) Biological 
identifications through DNA barcodes. Proceedings of the Royal Society 
of London. Series B: Biological Sciences 270(1512): 313-321. 
10.1098/rspb.2002.2218 
 
Houston T (2000) Secrets of Spoon-wings and Sandgropers. Western 
Australian Insect Study Society Inc. Newsletter June: 1-3. 
 
Kearse M, Moir R, Wilson A, Stones-Havas S, Cheung M, Sturrock S, 
Buxton S, Cooper A, Markowitz S, Duran C, Thierer T (2012) Geneious 
Basic: an integrated and extendable desktop software platform for the 
organization and analysis of sequence data. Bioinformatics 28(12): 1647-
1649. http://www.geneious.com 
 
Koch LE (1967) The genus Chasmoptera (Neuroptera: Nemopteridae), 
with the description of a new species from Western Australia. 
Proceedings of the Royal Entomological Society of London (B) 36 (9-10): 
137-146. 
 
Krenn HW, Gereben-Krenn BA, Steinwender BM, Popov, A (2008) Flower 
visiting Neuroptera: mouthparts and feeding behavious of Nemoptera 
61 
 
sinuata (Nemopteridae). European Journal of Entomology 105: 267-277. 
10.14411/eje.2008.037 
 
Lessells CM, Boag PT (1987) Unrepeatable repeatabilities: a common 
mistake. The Auk 104(1): 116-121. 10.2307/4087240 
 
Limaye A (2012) Drishti: a volume exploration and presentation tool. Proc. 
SPIE 8506, Developments in X-Ray Tomography VIII, 85060X.  
 
Lu X, Wang B, Yang S, Liu X (2019) Early evolution of Nemopteridae 
illuminated with the first and oldest thread-winged lacewing in Cretaceous 
amber. Systematic Entomology 44: 262-272.  
 
Mansell MW (1973) The first record of a larval nemopterid from southern 
Africa (Neuroptera: Nemopteridae: Nemoterinae). Journal of the 
Entomological Society of southern Africa 36(1): 133-37.  
 
Mansell MW (1977) A new genus and species in the Crocinae 
(Neuroptera:Nemopteridae) from southern Africa. Journal of the 
Entomological Society of Southern Africa 40(2): 195-203. 
 
Mansell MW (1986) Biogeography and phylogeny of the Crocinae 
(Neuroptera: Nemopteridae). In: Gepp J, Aspöck H, Holzel H (Eds) 
Recent Research in Neuropterology. Austria, 77-85.  
 
Mansell MW (1996) Unique morphological and biological attributes: the 
keys to success in the Nemopteridae (Insecta: Neuroptera). In: Canard M, 
Aspöck H, Mansell MW (Eds.). Pure and Applied Research in 
Neuropterology. Proceedings of the Fifth International Symposium on 




Meridian Bioscience (2021)  MyTaq DNA Polymerase - Product Manual 
[fact sheet]. https://www.bioline.com/mytaq-dna-polymerase.html  
Michel B, Clamens AL, Bethoux O, Kergoat GJ, Condamine FL (2017) A 
first higher-level time calibrated phylogeny of antlions (Neuroptera: 
Myrmeleontidae). Molecular Phylogenetics 107: 103-116.  
Monserrat VJ (1996) Larval stages of European Nemoterinae, with 
systematic considerations on the family Nemopteridae (Insecta, 
Neuroptera). Deutsche Entomologische Zeitschrift 43(1): 99-121. 
 
Monserrat VJ, Martinez MD (1995) On the possible myrmecophily of 
Nemopterinae larvae (Neuroptera, Nemopteridae). Sociology 26(1): 55-
68. 
National Center for Biotechnology Information (NCBI) [Internet]. Bethesda 
(MD): National Library of Medicine (US), National Center for 
Biotechnology Information; [1988] – [cited 2021 Apr 29]. 
https://www.ncbi.nlm.nih.gov/ 
Palumbi SR (1996) Nucleic acids II: The polymerase chain reaction. In: 
Hillis DM, Moritz C, Mable BK (Eds). Molecular systematics. Sinauer 
Associates Inc., 205–247 
Picker MD, Leon B, Londt JGH (1991) The hyptertrophied hindwings of 
Palmipenna aeoleoptera Picker, 1987 (Neuroptera: Nemopteridae) 
reduce attack by robber flies by increasing apparent body size. Animal 
Behaviour 42(5): 821-825. 
Pomiankowski A, Møller AP (1995) A resolution of the lek paradox. 
Proceedings of the Royal Society of London. Series B: Biological 
Sciences 260: 21–29. https://doi.org/10.1098/rspb.1995.0054 
Pons J, Barraclough TG, Gomez-Zurita J, Cardoso A, Duran DP, Hazell 
S, Kamoun S, Sumlin WD, Vogler AP (2006) Sequence-Based Species 
Delimitation for the DNA Taxonomy of Undescribed Insects. Systematic 
Biology 55: 595–609. https://doi.org/10.1080/10635150600852011 
63 
 
Puillandre N, Brouillet S, Achaz G (2020) ASAP: assemble species by 
automatic partitioning. Molecular Ecology Resources 21: 609-620. 
https://doi.org/10.1111/1755-0998.13281 
RStudio Team (2020) RStudio: Integrated Development for R. RStudio, 
PBC, Boston, MA, http://www.rstudio.com/. 
Rubinoff D, Holland BS (2005) Between two extremes: mitochondrial DNA 
is neither the panacea nor the nemesis of phylogenetic and taxonomic 
inference. Systematic Biology 54(6): 952-961. 
https://doi.org/10.1080/10635150500234674 
Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch 
T, Preibisch S, Rueden C, Saalfeld S, Schmid B, Tinevez J-Y, White DJ, 
Hartenstein V, Eliceiri K, Tomancak P, Cardona A (2012) Fiji: an open-
source platform for biological-image analysis. Nature Methods 9: 676–
682. https://doi.org/10.1038/nmeth.2019 
Shen L, Farid H, McPeek, MA (2008) Modeling three-dimensional 
morphological structures using spherical harmonics. Evolution 63-4: 
1003–1016. 10.1111/j.1558-5646.2008.00557.x 
Snodgrass RE (1957) A revised interpretation of the external reproductive 
organs of male insects. Smithsonian Miscellaneous Collections 135 (6): 1-
60. 
Sole CL, Scholtz CH, Ball JB, Mansell MW (2013) Phylogeny and 
biogeography of southern African spoon-winged lacewings (Neuroptera: 
Nemopteridae: Nemopterinae). Molecular Phylogenetics and Evolution 
66: 360-368.  
 
Tillyard RJ (1925) A new species of spoon-winged lacewing (family 
Nemopteridae, order Neuroptera planipennia) from Western Australia. 
Journal of the Royal Society of Western Australia 12(1): 1-4. 
Tjeder B (1967) Neuroptera-Planipennia. The lace-wings of Southern 
Africa. 6. Family Nemopteridae. In: South African Animal Life, Hanström 
64 
 
B, Brinck P, Rudebec G (Eds). Swedish Natural Science Research 
Council, Stockholm, 290-501. 
Ueda K (2021a) iNaturalist Research-grade Observations. iNaturalist.org. 
Occurrence dataset https://doi.org/10.15468/ab3s5x accessed via 
GBIF.org on 2021-05-20. https://www.gbif.org/occurrence/1703123341 
Ueda K (2021b) iNaturalist Research-grade Observations. iNaturalist.org. 
Occurrence dataset https://doi.org/10.15468/ab3s5x accessed via 
GBIF.org on 2021-05-20. https://www.gbif.org/occurrence/2813999617 
Wang Y, Liu X, Garzón‐Orduña IJ, Winterton SL, Yan Y, Aspöck U, 
Aspöck H, Yang D (2016) Mitochondrial phylogenomics illuminates the 
evolutionary history of Neuropterida. Cladistics 33(6): 617-636.  
Webster M, Sheets DH (2010) A practical introduction to landmark-based 
geometric morphometrics. Quantitative Methods in Paleobiology 16: 163-
188.  
Westwood JO (1848) Description of Nemoptera huttii from Western 
Australia. Proceedings of the Royal Society of London, 5: 1847: 26-27.  
Winterton SL, Hardy NB, Wiegmann BM (2010) On wings of lace: 
phylogeny and Bayesian divergence time estimates of Neuropterida 
(Insecta) based on morphological and molecular data. Systematic 
Entomology 35: 349-378. 
Yeates DK, Zwick A, Mikheyev AS (2016) Museums are biobanks: 
unlocking the genetic potential of the three billion specimens in the 














Cavernicolous living in caverns or caves, pertains to lifestyle of an 
animal  
Clade (also known as a 
monophyletic group) 
a group of taxa believed to comprise all the 
evolutionary descendants of a common ancestor 
Edaphic influenced by soil/earth, in context: an edaphic 
lifestyle is soil-related, or underground 
Filamentous: thin in diameter, resembling a thread 
Holotype a single type specimen which the name and 
description of a species is based (the original 
specimen described for a species). 
Imagoes:  penultimate larval instars of insects 
Monograph a long, detailed scholarly piece of writing on a 
specific subject 
Myrmecophilous/myrmecophily: mutualistic or symbiotic associations with ants 
Paratype a representative specimen of a species that is not 
the holotype or syntype, often multiple  
Pollenophagous refers to animals that are feeders on pollen 
produced by plant stamens  
Semiotic (functioning) involving signs, movements or symbols as a means 
of communicating information. In context: for insects 
and other animals this is often a means of 
describing behaviour intended to attract mates or 
dissuade predators 
Syntype used to describe a species when the original author 
has not designated a holotype; one of several, 
equally regarded specimens  
Tomographic computed tomography”, or CT, refers to a 
computerized x-ray imaging procedure in which a 
narrow beam of x-rays is aimed at an object and 
quickly rotated around it, producing signals that are 
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processed by the machine's computer to generate 
cross-sectional images—or “slices”—of the object. 
Vicariant speciation also referred to as allopatric speciation, is the mode 
of speciation that occurs when species are 
geographically isolated to the extent that gene flow 
between populations is interfered with or prevented. 
 
8.0 APPENDICES 
Table A1: Chasmoptera individuals used for hindwing morphometric analysis including sex 
and locality (if relevant). 









Hutti 31862 M 
 
EXCLUDED from 



















































Superba 100587 F Cunderdin  
100582 M Cunderdin  
100584 F Cunderdin  
100579 M Cunderdin  
100588 F Cunderdin  
100564 M Bullfinch  
100568 M Bullfinch  
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100571 F Bullfinch  
100599 F Bullfinch  
100567 M Bullfinch  






























Eneabba 32288 F 
 
EXCLUDED from 































Geraldton 32297 M Drummond Cove  
32300 M Drummond Cove EXCLUDED from 
dataset due to bend in 
hindwing 
32302 M Drummond Cove  
32309 F Drummond Cove  
32308 F Drummond Cove  
32339 F Coronation Beach  
32340 F Coronation Beach  
32341 M Coronation Beach  
32342 M Coronation Beach  
32343 M Seven Mile Beach  
32344 M Seven Mile Beach  
32347 F Seven Mile Beach  
32346 F Seven Mile Beach  
32345 F Seven Mile Beach  






















Unconfirmed as C. 
mathewsi 
TOTAL IMAGED 67 INDIVIDUALS 
TOTAL REMOVED 6 INDIVIDUALS 




Table A2: K-means clusters for male and female Chasmoptera specimens with list of species included in each cluster. Individuals arranged by WAM 
registration number and species name (e.g.: Geraldton, Hutti etc.). Clusters (k-values) are chosen from initial species delimitations (k = 8 for males, 



















100567Superba   
100564_Superba 
100568_Superba 
32280_Eneabba    
32281_Eneabba   
32282_Eneabba 







31800_Hutti      
31822_Hutti      
31860_Hutti 
32322_Hutti 










8 32280_Eneabba    








31800_Hutti      
31822_Hutti      






































32309_Geraldton    






31820_Hutti      
31830_Hutti      
31858_Hutti      





    











100571Superba    




















Table A3: Repeatability analysis of morphometric landmark data from 16 Chasmoptera 
individuals Coordinates were compared from landmarks replicated thrice for each individual, 
using FIJI (Schindelin et al. 2012). All known and putative new species are represented, with 
both male and female representatives if possible (M/F) 
Individuals 
Sex 
(M/F) Coordinates (x/y) Repeatability score 
31800_Hutti M x 0.999965 
 
 y 0.999889 
31820_Hutti F x 0.99996 
 
 y 0.999488 
32262_Pinjarrega F x 0.999993 
 
 y 0.999942 
32264_Pinjarrega M x 0.999993 
 
 y 0.999981 
32284_Eneabba M x 0.99997 
 
 y 0.999888 
32289_Eneabba F x 0.999957 
 
 y 0.999893 
32302_Geraldton M x 0.999972 
 
 y 0.999742 
32308_Geraldton F x 0.999971 
 
 y 0.999613 
32311_Arrowsmith M x 0.999959 
 
 y 0.99974 
32314_Arrowsmith M x 0.999753 
 
 y 0.998753 
32315_LakeGrace M x 0.999704 
 
 y 0.999219 
32316_LakeGrace M x 0.999695 
 
 y 0.998508 
32320_Mathewsi F x 0.999945 
 
 y 0.999715 
88663_Mathewsi M x 0.999942 
 
 y 0.997402 
100568Superba M x 0.999925 
 
 y 0.998638 
100571Superba F x 0.999867 
 









Table A4: Number of individuals for each species (known and putative new) for 
Chasmoptera in the WAM collection. Includes three undetermined species that have not 
been identified yet. 
Species of Chasmoptera Number of individuals in 
the WAM collection 
Sexes  
C. hutti 102 M / F 
C. superba 30 M / F 
C. mathewsi 2 (1 holotype, 1 potential 
female C. mathewsi) 
M (possible F) 
C. “Pinjarrega” 17 M / F 
C. “Geraldton” 44 M / F 
C. “Arrowsmith” 2 M 
C. “Eneabba” 17 M / F 
C. “Lake Grace” 5 M / F 
C. “Undetermined” 5 M / F 






Figure A1: Maximum likelihood phylogeny for 16S dataset. Bootstrap values below 75 were 
discarded for clarity. Species groups comprised of multiple putative new species are denoted 
with the first initial of their name (i.e.: “E” for Chasmoptera “Eneabba”). Chasmoptera 







Figure A2: Maximum likelihood phylogeny for COI dataset. Bootstrap values below 75 were 
discarded for clarity. Species groups comprised of multiple putative new species are denoted 
with the first initial of their name (i.e.: “A” for Chasmoptera “Arrowsmith”). Chasmoptera 






 Figure A3: K-means clusters from PCA of male Chasmoptera hindwing morphology (k 





Figure A4: 3D micro-CT scans (dorsal view) of male genital structures of representative 
Chasmoptera individuals for each species, both known and putative new, excluding C. 
mathewsi. (A) C. “Pinjarrega”, (B) C. “Eneabba”, (C) C. “Arrowsmith”, (D) C. “Lake Grace”, 





Figure A5: 3D micro-CT scans (lateral view) of male genital structures of representative 
Chasmoptera individuals for each species, both known and putative new, excluding C. 
mathewsi. (A) C. “Pinjarrega”, (B) C. “Eneabba”, (C) C. “Arrowsmith”, (D) C. “Lake Grace”, 
(E) C. “Geraldton”, (F) C. superba and (G) C. hutti. 
